We investigate a celebrated problem of one dimensional tight binding model in the presence of disorder leading to Anderson localization from a novel perspective. A binary disorder is assumed to be created by immobile heavy particles for the motion of the lighter, mobile species in the limit of no interaction between mobile particles. Fast periodic modulations of interspecies interactions allow us to produce an effective model with small diagonal and large off-diagonal disorder unexplored in cold atoms experiments. We present an expression for an approximate Anderson localization length and verify the existence of the well known extended resonant mode and analyze the influence of nonzero next-nearest neighbor hopping terms. We point out that periodic modulation of interaction allow disorder to work as a tunable band-pass filter for momenta.
I. INTRODUCTION
Anderson localization (AL) in disordered systems fascinates and stimulates physicists for more than 50 years [1, 2] . For one-dimensional (1D) systems, as discussed below, a particle propagating with momentum k in a disordered medium undergoes multiple scatterings and eventually localizes with an exponentially decaying density profile [3] [4] [5] . The AL is a single-particle interference effect which cannot be observed directly in solidstate systems due to the presence of electron-electron and electron-phonon interaction. AL has been widely studied for various systems including tight binding models with diagonal disorder and nearest-neighbor (nn) hopping and/or non-nearest-neighbor (nnn) hoppings [6, 7] ; for systems with off-diagonal disorder [8] [9] [10] [11] [12] [13] as well as in models with random hopping [14, 15] .
Ultracold atomic gases have become a playground where complex systems can be simulated and investigated [16] [17] [18] . In particular, optical lattice engineering allows a high degree of controllability. Various techniques, i.e. periodic modulation of the lattices positions/amplitudes [19, 20] or Feshbach resonance [21] , are used to effectively tune parameters of a given model [22] [23] [24] [25] [26] . The level of experimental control and detection allows one to build quantum simulators, i.e., experimentally controlled systems that are able to mimic other systems difficult to investigate directly [27, 28] . Ultracold atomic gases are ideal systems for theoretical and experimental investigation of the Anderson localization of matter waves. An experimental observation of AL was first realized in one dimension [29] (a closely related AubryAndré [30] localization was also realized [31] ) for reviews see [32, 33] . Recently also AL was observed in three dimensions [34, 35] in speckle potentials. In all these experiments, in order to get rid of particle interactions, either Feshbach resonances [21] were employed or a low atomic density limit was reached.
Typically in all cold-atoms optical lattice disorder experiments as well as theoretical propositions the disorder appears in a diagonal form, either on the chemical potential level (lattice site energies) as for quasi-periodic lattices [31] or for interactions [36] . Similar diagonal disorder appears typically for the binary disorder introduced by interactions with some other species [37] [38] [39] [40] [41] [42] . We show in this paper that periodic modulations of this interaction allows to transfer the disorder to kinetic energy (tunneling terms) creating a tunable off-diagonal disorder. For such a model we calculate the approximate Anderson localization length and compare it with numerical results. We discuss the presence of the extended resonant mode [43] and its possible application. We point out in addition that this mode is vulnerable to effects due to nextnearest neighbors tunnelings limiting its existence to relatively deep lattices. Details of numerical methods needed to calculate the Anderson localization length with nextnearest neighbor random tunnelings are presented in Appendix.
II. THE MODEL
We consider a simple, standard one-dimensional noninteracting tight-binding Hamiltonian (we set = 1)
where a i (a † i ) denotes an annihilation (creation) operator of bosons at site i, n i = a † i a i is particle counting operator, ǫ i are on-site energies while J is the tunneling amplitude which from now on will serve as our energy scale. Let us apply a periodic modulation of the on-site energies
where δ is the modulation amplitude and ω its frequency. Assume ω ≫ 1 (in our J units). After the unitary transformation
and averaging the Hamiltonian over an oscillation period we obtain the effective Hamiltonian
where t i = J 0 δ ω (ǫ i+1 − ǫ i ) are the effective position dependent hoppings and J 0 is the zero-th order Bessel function. Note that for uniform system with all ǫ i being the same, the tunnelings are unaffected, while t i change if on-site energies vary from site to site. It is a case for example for superlattices [44, 45] or external potentials such as harmonic trap or a linear tilt [19] . In this work we will consider the on-site energies variation due to disorder.
To create disorder we consider two species of atoms repulsively interacting with each other but allow only one of them to move freely on the lattice. The frozen atoms (denoted with an additional upper f index) give rise to a binary disorder [37, 39, 40, 46, 47] . The mobile particles are assumed not to interact among themselves being e.g. the spin-polarized fermions or bosons with interactions tuned off by microwave or optical Feshbach resonance [21] . The dynamics of the system can be described by a single particle Hamiltonian with the on-site energy
, where V denotes interspecies contact interaction. When frozen particles are fermions or strongly repelling (hard-core) bosons their occupation per lattice site n f i takes either zero or one value and the on-site energy takes only two values ǫ i ∈ {0, V }. We consider the particular case when two adjacent sites cannot be occupied by frozen atoms simultaneously. Such a situation is called the dual random dimer model (DRDM) [48] ). For cold atoms DRDM can be created for example by the method described in [43] or by using simply a small density of frozen particles for a finite system.
In [36] the authors considered fast periodic modulation of interactions induced, e.g. by as appropriate periodic modulation of the magnetic field B(t) = B(t+T ) with period T = 2π ω for interacting bosons in the optical lattice. For magnetic field values close to the Feshbach resonance [21] large variations of interactions may be expected. We assume a similar mechanism applied to light-heavy particle interactions resulting in periodic (for simplicity assumed to be harmonic) time dependence of site energies in the form E i (t) = n f i (V 0 + V 1 sin(ωt)), where V 1 is an amplitude modulation strength and ω is the modulation frequency. Compared to a general model case discussed above we have ǫ i = n f i V 0 and δ = V 1 /V 0 . As n f i ∈ {0, 1}, the effective tunneling, after time averaging, can take two values only:
where γ = 1 − J 0 (V 1 /ω) measures the strength of off-diagonal disorder and varies in range from zero to about 1.4 (to the minimum of the Bessel function, 1 + min x J 0 (x)).
III. ANDERSON LOCALIZATION LENGTH
To calculate Anderson localization length let us start with time-independent Schrödinger equation for the disordered tight binding Hamiltonian (4)
whereẼ is eigenenergy. In the regime of small offdiagonal disorder (γ ≪ 1) we can assume thatẼ is approximately equal to dispersion relationẼ ≈ −2 cos(k), where k is quasimomentum. In order to define Anderson localization length in system with off-diagonal disorder with the help of unitary transformation ψ i = φ i η i , where
, we transform equation (6) to diagonal form:
is a new effective diagonal disorder. In considered DRDM model η i reads η i = 1/t i . Equation (7) can be expressed as a two dimensional Hamiltonian map with position and momentum of the form
where
The map (8) describes the behavior of a harmonic oscillator under periodic delta kicks with amplitude A i . Expressing the map in action-angle variables and iterating it one may estimate the localization length in the limits of small off-diagonal disorder. The details are given in the Appendix. We obtain the approximate inverse localization length
where ρ =ρ/(1 −ρ) andρ is the mean occupation number of frozen particles. Simple analysis of equation (10) indicates an anomalous behavior of Anderson localization length due to existence of a transparent mode with momentum k t given by condition cos(k t ) = − V0 2γ(2−γ) for which the localization length diverges. Frozen particles in a lattice increase the on-site energy and a motion of mobile particles can be seen as a sequence of scattering processes on potential barriers. In the DRDM two frozen particles are separated by at least one lattice site and the resonance is caused by a lossless transmission through a single barrier. The existence of the transparent mode is given by condition V 0 ≤ 2γ(2 − γ) and the wave with momentum k t travels through the sample without reflection. Similar anomalous mode was observed in Ref. [43] . The on-site energy modulation allows us to change the off-diagonal disorder significantly keeping the amplitude of the diagonal disorder small (contrary to models deriving the changes of tunnelings from changes of an effective lattice shape only [43, 49] ). In Fig. 1 we present numerically calculated Anderson localization lengths (in standard transfer matrix method, see e.g. [50] ) and compare with the analytical expression (10) . Left panel corresponds to weak diagonal (V 0 ∈ {0.05, 0.1}) and weak offdiagonal (γ ∈ {0.05, 0.1}) regime. Occupation of frozen particles is equalρ = 1/3. Theoretical predictions are in a good agreement with numerical calculations. Right panel corresponds to weak diagonal (V 0 = 0.1) and strong off-diagonal (γ = 0.9) regime. Width of divergent Anderson localization length window is significantly narrower than for the weak disorder case. Transparent mode k t position is properly described by Eq. (10) while Anderson localization length shape is not. Due to the existence of the transparent mode in the system, one can expect that the evolution of an initial wave packet with a given momentum distribution results in Anderson localization of all momenta except those very close to the transparent mode k t . Disorder effectively works as a band-pass filter for momenta. To verify that behavior we integrated Schrödinger equation in time for Hamiltonian (4) with initial state with one particle in the center of the lattice with uniform momentum distribution. Fig. 2 presents momentum distributions of Anderson localized atoms and those that escaped from the disorder after time evolution t = 1000. Momenta of escaped atoms reveal narrow peaks at the position of the transparent mode while the momentum distribution of Anderson localized atoms reveal dips, positions of which agree with the former peaks. Lattice has N = 1024 sites with filling ρ = 1/3. We choose two sets of parameters for amplitude of diagonal and off-diagonal disorder (V 0 = 0.1, γ = 0.5) and (V 0 = 0.5, γ = 0.3). For such parameters the transparent mode appears for k t ≈ 1.64 and k t ≈ 2.08 respectively. Our system presents, therefore, a promising candidate for obtaining highly controllable monochromatic gun for matter waves. Similar mechanism was observed in [51] where coherent multiple scattering processes determined emitted matter-wave mode. In the following we shall inspect residual effects that may affect the existence of the transparent mode for a realistic system. In particular, in the next Section we analyze the influence of the next-nearest neighbor tunnelings on Anderson localization length in the regime of strong off-diagonal disorder.
IV. NEXT-NEAREST NEIGHBOR TUNNELINGS
For lattice depths U ≈ 10-20 E R , where E R is lattice recoil energy and typical optical laser wavelengths, nextnearest neighbor hopping amplitude t ′ ranges between 0.01-0.001, as easily estimated with appropriate Wannier functions. This is why in typical situations long range hoppings are often negligible. Still let us add the nextnearest neighbor tunneling term to Hamiltonian (1) The same system can viewed and described differently, namely as a stripe with non uniform tunnelings. The advantage is that the hoppings of particles take place between neighboring slices only. Under the same unitary transformation (3) and after time averaging we obtain the effective Hamiltonian in the form of (4) plus the additional term reading
with t
We numerically calculate Anderson localization length for this new effective Hamiltonian. The method we use is applicable to arbitrarily long-range hoppings. The transfer matrix approach is not directly applicable so we transform the problem from one dimensional to a two dimensional stripe. It could be achieved with a simple winding of a string, see Fig. 3 . In a stripe all particle hoppings are between the neighboring slices, which simplifies numerical calculations.
In the Appendix we present the derivation of the equation for a Green's function between the first and the last slice of the stripe. Once knowing the Green's function we can easily calculate the localization length [52, 53] .
As exemplary parameters for numerical analysis we choose V 0 = {1.95, 1, 0.1} and γ = 0.9 in order to obtain a regime where a next-nearest-neighbor hopping significantly affects dynamics of the system. The results are presented in Fig. 4 . We observe that even extremely small values of t ′ significantly affect the resonance. The presence of a small but non-zero next-nearest-neighbor tunneling t ′ significantly reduces the localization length for the transparent mode k t due to a non-zero probability that a mobile particle scatters back on a frozen particle through a next-nearest-neighbor hopping. This process can appear when two frozen particles are separated by one site only. Indeed, when we exclude such configurations, the resonance reappears. In deep lattices next-nearest-neighbor tunnelings also reduce the localization length for the transparent mode, but the effect is weaker and may not affect the selective emission due to a finite optical lattice size (when this size is smaller than the localization length).
V. CONCLUSIONS
In this paper we proposed a method to realize a controllable off-diagonal disorder with binary random potential resulting from time-periodic modulation of interactions between mobile and frozen particles in an optical lattice. Since no interactions between mobile particles are taken into account they may be assumed to be spinless (spin-polarized) fermions. One could also imagine scheme with bosons with interactions tuned off by some microwave or optical Feshbach resonance [21] (note that we assume already using a magnetic field for a standard Feshbach tuning of different species interactions so this method cannot be used simultaneously to control lightlight particle collisions). The presented method allows us to obtain models with strong off-diagonal and weak diagonal disorder in a broad regime of relative (off)-diagonal disorder amplitudes. In a regime of weak off-diagonal disorder analytical expression for the Anderson localization length is in a very good agreement with numerical simulations. Moreover, we indicate how DRDM with random hopping can work as a tunable band-pass filter for matter-waves. Momentum of escaped atoms reveal narrow peaks in the position of transparent mode in the momentum space while momentum distribution of Anderson localized atoms reveal dips whose position agree with former peaks. We indicate the importance of the next-nearest-neighbor hopping for the localization length of the resonant extended mode appearing within dual dimer random model for strong diagonal disorder.
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To find the localization length starting from the map (8) [13, 54, 55] it is more convenient to express it in the action-angle variables (r, θ) with transformation x = r sin(θ), p = r cos(θ):
We define Anderson localization length as a
after expanding logarithm to the second order in A i we get
where ... stands for averaging over i. In order to calculate the 'kick-angle' correlator A i sin(2θ i ) we expand the map (A1) to second order in θ i :
and express A i sin(2θ i ) in terms of preceding A i sin(2θ i−1 ) 'kick-angle' correlator. Let us introduce correlation of the kick's strength A i with angle θ i a n = − 2i
where A 2 i is variance of the A i . Multiple applications of eq. (A5) to a n give us the recursive relation a n−1 = e −2ik a n + q n ,
where q n = A i A i−n / A 2 i is the autocorrelation of A i . From definition of a n we can notice hat
where from (A7) we obtain a 0 = ∞ n=1 q n e −2ik(n−1) .
The inverse Anderson localization length λ −1 takes the form
In the specific case of DRDM , the variance of A i and the autocorrelation of A i read, respectively
and the approximate expression for the inverse localization length takes the form (10) .
now that we add one extra slice to the system. A new Hamiltonian is straightforward
For later convenience, let us define operators
and finally the Hamiltonian reads
A recursive equation for a Green's function
Our goal is to find the Green's function G + E (N + 1) for the Hamiltonian H(N +1). By definition, a Green's function can be obtained from a resolvent of a Hamiltonian
where a resolvent satisfies
Let's start with an equation for a resolvent of H(N +1):
with G 0 z being a resolvent of H 0 . The resolvent equation (B10) can be derived from a simple operator identity
with a substitution
Since we are interested in transport properties of the system, we need to know the Green's function matrix elements between the first and the last slice only. Therefore, we want to obtain 1|G z (N + 1)|N + 1 . To simplify the equations let's introduce a notation:
From equation (B10) we get
where we used an observation that
which stems from a fact that H(N ) and H N +1 act in orthogonal subspaces of the Hilbert space, see (B5).
In order to get a recursive equation for G 1,N , we need to calculate G N +1,N +1 matrix. It can be obtained from equation (B9) by multiplying it from the right side by a projection P = |N + 1 N + 1|, and by P (or Q = 1 − P ) from the left side:
Solving a set of equations (B16) one gets
Combining equations (B14) and (B17)
and, again from (B14), extracting G N,N we can finally obtain a recursive equation:
with
The initial values of A N are not relevant, but it is convenient to choose them as
In equation (B19) there is no singularity, hence we could replace z with E. From this equation we can calculate G 1,N , which is connected with the localization length of the system.
Calculation of the Anderson localization length
The Anderson localization length λ M in a stripe of width M is defined as
Since our system is in fact one dimensional the localization length should not depend on the length of the stripe. When a particle reached the n-th slice it covered n = M · n lattice sites. Hence, the localization length λ in one dimension equals λ = M λ M . The localization length can be obtained from the recursive equation (B19). We solve the equation iteratively. The problem with this equation is that the elements of A n grow exponentially for large n, so it requires some regularization. Therefore, in each step we multiply the both sides of the equation by some matrix R n . Starting from n = 1 and defining A 
To avoid the exponential growth we put R 1 = A 
We repeat this procedure in every iteration so that , satisfies
Let us also define a matrix
where · = Tr| · | 2 is a matrix norm. B (n) matrix turns out to be very useful, because 
Iterations should be continued until λ converges within a desired precision.
